Abstract Numerous industrial or burial sites contaminated by persistent organic pollutants such as polychlorinated biphenyls (PCBs) and pesticides were discovered in China recently. Due to improper choice of technology, many remediation cases had cost too much; however, failed to attain expected goals. In this study, the distribution and transport of PCBs at a burial site were investigated using tested PCBs concentration in order to support the choice of remediation technology and estimate the remediation results. Site characterization was carried out in order to investigate the hydrogeological condition and PCBs pollution nearby the capacitor burial site located in Shanxi, China. Results of PCBs measurement indicated that the proportion of contaminated soil with concentration above 500 mg/kg is 7.8 % and the value for soil with concentration between 50 and 500 mg/kg is 18.0 %. Considering adsorption and biodegradation, the two-dimensional PCBs transport model was established based on advection-dispersion equation. The model calibration showed a good agreement between measured and computed values, indicating the feasibility of this model used for predicting the transport and disappearance of PCBs in soil. Results of 100 years' simulation demonstrated the slow migration and biodegradation of PCBs. Simulations were conducted for before and after remediation scenarios. Comparison of the results indicates that the remediation alternatives of excavation-incineration and thermal desorption have successfully removed most of the organics and thus reduced the environmental risk to a low level.
Introduction
Polychlorinated biphenyls (PCBs) have been widely used as coolants and lubricants in transformers, capacitors and other electrical equipment because of their insulating and nonflammable properties (Fouial-Djebbar et al. 2010) . PCBs are a family of synthetic organic compounds with general chemical formula C 12 H 10-n Cl n with n ranging between 1 and 10. As a consequence 209 different configurations or congeners are possible (USEPA 1987a; Shikiya et al. 1988) . Each PCB congener is named according to the positions of chlorine substitution on the two rings of biphenyl and it is identified with numbers ranging from 1 to 209 (Ballschmiter and Zell 1980) . For different social and economic reasons, significant quantities of capacitors which contain PCBs oil are still in use or in storage (The Environment Programme of the United Nations 1998 Nations , 2000 . Leakage of removed power capacitors containing a high concentration of PCBs always leads to serious soil contamination. In fact, the potential leakage of PCBs poses serious threat to the humans and the ecosystem (Blais et al. 1998; Fagbote and Olanipekun 2010) . The USEPA has calculated prudent public health levels that maintain PCB exposures below the ''reference dose''-the amount of PCB exposure that EPA does not believe will cause harm. EPA's reference dose (RfD) is 20 ng PCB/kg body weight per day (USEPA 1987b) . In the 1970s, China's Ministry of Machinery announced a ban on production of capacitors containing PCBs and subsequently called for gradual phaseout of these capacitors within a definite time frame. The used capacitors were then buried underground or sealed in some caves as no other effective treatment alternatives were available.
In 1979 several batches of retired capacitors which contain large amounts of insulating oil were buried at a hillside in an area of northern China. According to the laboratory test, the Aroclor 1242 content of insulating oil was more than 70 %(v/v) (Lu 2009 ). Because of unintended spill or leakage, a great quantity of soil down the burial site was severely contaminated. And humans and livestock about 150 m away from the burial site were exposed to contamination. The release of PCBs into the environment presents a threat due to their persistency and toxicity. The toxic effects are compounded by the hydrophobicity of PCBs, causing them to bio-accumulate in the tissues of plants, animals and finally, humans (Monosson et al. 2003; Cok and Satiroglu 2004) . For this reason the local power sector planned to carry out site remediation to remove the PCBs contaminants in this area. PCBs distribution was studied in order to calculate the amount of soil with different contamination level. The results were used to make a choice between incineration and thermal desorption, which were two common technologies for persistent organic pollutants (POPs) treatment in China (Li et al. 2004) .
Convection and dispersion equation is one of the most popular models used for simulating the migration and transformation of heavy metals, organics, and radionuclides. Preliminary studies indicate that the solute transport model is effective in simulating the transport of pesticide and heavy metal (Ismail and Ngan 2004; Fava and Orru 2005; Chatupote and Paapitukkul 2005; Devasena and Nambi 2010) . A few simulations have been conducted with columns data acquired from experiments under lab or semifield conditions. Hodak Kobasic et al. (2008) used the natural soil contaminated by Aroclor 1248 to conduct the leaching experiment. The study shows large amounts of PCBs loss in the upper layer soil due to evaporation and accumulation of PCBs in the deepest layer of soil, probably because of the vertical transport of the PCBs and the lack of volatilization. Zhu and Xia (2003) make use of the artificially contaminated soil to estimate the transport and biodegradation of PCBs. The results indicate a very slow speed of PCBs' migration in soil, although the adsorption of contaminants onto the artificial soil is weaker than the actual soil. However, research data on water flow and PCBs transport around the contaminated sites are very scattered. Additionally, numerical models were seldom used for predicting the transport and disappearance at an actual contaminated site (Li and Chen 2010) . The magnitude of rainfall, soil-water distribution coefficient (K d ) and degradation rate are known to be dominant controls on organics migration and disappearance. A better understanding of different distribution between contaminated and remediated soils is required to investigate the effectiveness of rehabilitation work and the feasibility of solute transport model as a risk assessment method. Therefore, this study begins with a calibration of the 2-D solute transport model on simulating the transport and biodegradation of PCBs in one of the burial sites (pit 1). The emphasis here is to make a comparison between contaminated and remediated soils on PCBs transport under semiarid conditions in northern China. The PCBs measurement could offer a scientific basis for the selection of proper treatment technology and measures and simulation results can provide the basic data and information for the ecological risk assessment of PCBs and homologous organics.
Materials and methods

Site characterization
The capacitors' burial site was located at a mountainous region, where gullies have well taken shape over the ages, contributing to a sharply dissected topography with heaving and rolling slopes. The entire terrain is more elevated in the west and in the south, the overall altitude being 1,100-1,300 m. The burial site was close to a ridge road and the crow-fly distance between the site and the nearest village, the Longwan Temple was within 150 m (Fig. 1a) .
The geophysical prospecting results indicated that the quaternary sedimentary formation of upper soil and the lithology was silty clay. The upper silty clay containing plant roots appears to be yellow or pale yellow with a thickness of 0.8-1.0 m. The lower silty clay appeared to be dark red with a thickness of 1.7-2.0 m (with tight structure and high hardness). The lower sandy clay appears to be light red with a thickness of 0.9-1.2 m. Based on a detailed study the soil where capacitors were buried was identified as MaLan Unit (Q3m) (Zhou, 1988) . The fact that no groundwater was discovered in drilling bores indicated that the water table was beyond 9 m below surface. The study area was located in a typical semiarid area of China and the yearly precipitation was between 500 and 700 mm during the last 30 years.
The burial site (pit 1) was marked in Fig. 1b with a horizontal size of 1 m 9 2 m. Several capacitors with the size of 0.75 m 9 0.75 m 9 0.75 m were sealed by iron sheet and buried in this field 30 years ago. Through on-site geophysical prospecting, the buried capacitors were found to have been stolen. It was the dispersion of soil particle, broken cement layer and the leakage of PCBs oil caused by stealing that leads to the serious contamination of soil. Field drilling which provides the opportunity for soil sampling in order to implement site characterization was carried out among or around the buried capacitors. The depth of each bore was within 8-9 m. The x and y coordinates were set up, as shown in Fig. 1 . Z direction was vertical to horizontal plane. Soils along the x and z directions were preferentially sampled due to the 2-D simulation in profile.
Hydrogeological description
Hydraulic conductivity of soil in different geological strata was measured by laboratory experiments. Soil samples were separated into fractions of three different sizes (\50, 50-75, 75-250 lm) by dry sieving. The mass of each soil size fraction was weighed to calculate the mass fraction. The size fractions \50 lm soil were further separated into three fractions (\5, 5-10, 10-50 lm) by hydrometer method. The test results of physical-chemical characteristics and texture of the soil showed that with the increase of matrix depth, fine fraction of particulates increases and hydraulic conductivity decreases.
The soil moisture at different depths was tested using oven drying method. Characteristic curve of soil moisture was tested by means of ceramic plate extractor (model 1500F, 15,000 hpa). Data fits to Van Genuchten formula for different soils were good and the coefficients in Van Genuchten formula were gained for simulation. A program written in FORTRAN was used to conduct the data fit.
Under the hydrogeological condition, water flow and PCBs transport in the unsaturated zone are dominated in vertical direction by gravity with some longitudinal flow and transport down slope also by gravity. Samplings by drilling were conducted at positions near and around the burial site and numerical simulation of 2-D flow and transport in profile will be conducted. Simulation area was determined as a 6 m 9 7 m profile with an area of 42 m 2 . In this study, existence of multiscale heterogeneity which comprises water content, relative permeability and macro dispersivity motivated an analysis based on different geologic stratifications (three stratifications divided by two blue lines shown in Fig. 1c ). The surface slope was 6°and the conception model for water movement is depicted in Fig. 1c . 
PCBs sampling
PCBs sampling was performed via drilling. The distribution of nine drilling bores in or around pit 1 is shown in Fig. 1a PCBs analysis Chemical reagents Aroclor 1242 and PCB209 (decachlorobiphenyl) dissolved in hexane (1 mg/mL) were obtained from Accu-Standard Inc. (AccuStandard, USA), and internal standard 1-Bromo-2-nitrobenzene(BNB) was obtained from Sigma Co. (Sigma, USA). Anhydrous sodium sulfate, diatomite, Florisil cartridges (1 g, 6 mL) and copper powder were analytical grades obtained from the Beijing Chemical Reagents Company, China. All solvents used for sample processing and analysis (acetone and hexane) were HPLC grades purchased from J. T. Baker (Phillipsburg, NJ, USA). Deionized water was produced by a Milli-Q system (Millipore Co., USA).
PCBs extraction and clean up The PCBs in the contaminated soil were extracted with an acetone and hexane mixture (1:1, v:v) with an accelerated solvent extractor (ASE 300, Dionex Corp.). 1.0 g of dried, homogenized soil of the bulk soil was mixed with diatomite and activated copper powder, then filled into the stainless steel extraction cells. Prior to extraction, the soil was spiked with recovery surrogate standards of Aroclor 1242 (1 mL, 10 mg/L) and PCB209 (1 mL, 1 mg/L). The extracts were concentrated to near dryness by rotary evaporation and changed into solvent of hexane for further cartridge separation.
PCBs in concentrated hexane extract were separated by using Florisil cartridges with 1 g anhydrous sodium sulfate overlaying the alumina to remove small quantities of water. The first step in doing this was: Add 12 mL of hexane to clean and activate the column. Close cartridge valves when there was still at least 1 mm of solvent above the sorbent bed. The second step: quantitatively transfer the 1.0 mL sample extract onto the column using an additional 2 mL of hexane to complete the transfer and then turn on the valve. And the third step: Add 2 mL hexane/acetone (9:1, v:v) and then turn on the valve 1.0 min later. At the same time collect the eluate using 10 mL concentrator tube. Keep on eluting the column with hexane/acetone (9:1, v:v) until the eluate attained 10 mL. The sample volume was reduced via rotary evaporation, changed into hexane and concentrated to 1 mL with a gentle purified N 2 stream. Prior to transfer to GC-ECD, certain quantities of internal standard (BNB) were added.
Analytical method used Sample extracts were analyzed for PCBs by using a Varian 3800 gas chromatogram equipped with ECD detector (Varian, USA). The PCBs were separated by using a DB-5 column (30 m 9 0.25 lm 9 0.25 mm). GC/ECD operating conditions were as follows: the injection port temperature was maintained at 225°C and the detector temperature was 310°C. Column temperature was programmed at 110°C (hold on for 2 min), increased to 280°C at the rate of 8°C/min (hold for 5 min). Hydrogen was the carrier and the flow rate was 1.0 mL/min. One microlitre volume of each sample was injected manually in the splitless mode.
Quality control Experiments were carried out in duplicate. The variation of PCBs concentrations of duplicated samples was less than 10 %. Two blank samples were included in every batch of samples. No PCB was detected in blank samples. PCB1242 and PCB209 standards were added to soil samples to monitor the procedures of sample extraction, cleanup and analysis. Recoveries of the PCB added to the soil samples were between 60 and 120 % for Aroclor 1242, 70 and 110 % for PCB209, respectively. All the values reported in this paper were corrected to achieve 100 % recovery.
Numerical modeling
Numerical model
Considering adsorption and the fact there was no volatilization, the PCBs transport model was established based on the advection-dispersion equation. As to the migration of PCBs, hydrodynamic dispersion, molecular diffusion, linear equilibrium adsorption, as well as one-order degradation kinetic of PCBs have been taken into account when establishing the model. PCBs transport model should be established based on water movement model in the unsaturated zone. Thus, the governing equations of water movement in the unsaturated zone and PCBs transport are as follows.
Water flow equation:
PCBs transport equation:
where C(h) is the water capacity (cm -1 ), K x and K z are the transverse and longitudinal hydraulic conductivities (cm/s), respectively, D xx and D zz are the transverse and longitudinal dispersion coefficients (cm 2 /s), respectively, R d is the retardation factor, C is the PCBs concentration in liquid phase, q x and q z are the Darcy velocities in x and z directions, respectively, h is the soil moisture (%), k is the degradation coefficient (d -1 ) and h is the pressure head (cm).
The upper boundary of water movement equation was assumed to be rainfall/evaporation-saturation boundary and the lower one was considered as constant water head (Dirichlet) boundary.
Upper boundary condition :
where e is the rainfall-evaporation coefficient (cm/day).
Left and right boundary condition :
The initial and boundary conditions for solute transport model are determined as:
Initial condition : cðx; zÞ ¼ c 0 ðx; zÞ; t ¼ 0
Upper boundary condition : cðx; z; tÞ ¼ c 0 ðx; z; tÞ; z ¼ 0
Left, right and lower boundary condition :
where n is the outer normal vector. The numerical models for water movement and PCBs transport were deduced from Eqs. (1) and (2). Finite element equations in matrix form for PCBs transport are as follows:
where where W i is the weight function of node i, Re is the area of element e, Me is the number of elements, Be is the length of boundary elements, and u i denotes basic function for ith node. Spatial discretization was conducted to solve the finite element equation, by means of quadrilateral and triangular subdivision (Fig. 2) .
More elements were subdivided in field around the buried capacitors for the purpose of accurately calculating the PCBs concentration. Because limited drilling data were available, the initial conditions such as concentration and pressure head at each node were obtained through interpolation method of trend and residual.
The total simulation time and time step were determined as 100 years and 120 days, respectively. The Galerkin linear finite element method was adopted to carry out numerical computation. The Fortran Power Station was used for programming in order to carry out numerical calculation to solve the finite element equations.
Parameters estimation
The key factors which determined the transport and degradation of PCBs include precipitation, molecular diffusion coefficient, hydrodynamic dispersion coefficient, partition coefficient and degradation coefficient (half-life) (Sinkkonen and Paasivirta 2000). These data were obtained from existing reports, studies and lab-scale experiments.
Precipitation The precipitation data were referred to as climatological data from the local government (Li 2010) and the infiltration coefficient was referred to in the report by Chen (1992) . For biological stability of PCBs mentioned above, long simulation time was required. The long simulation time and the semiarid condition in the contaminated field made the input of seasonal precipitation unnecessary and complicated. Assumption was made that total precipitation was equally distributed each day. The average rainfall and the infiltration coefficient are listed in Table 1 .
Transport Molecular diffusion coefficient (D s ) was obtained through Hayduk and Laudie model (Hayduk and Laudie 1974) . Hydrodynamic dispersion coefficient (D h ) was acquired from the 1-D soil column experiment.
Biodegradation The degradation rate of PCBs varies, depending on the quantity of chlorine atoms and the characteristics of soil (Anderson and Hites 1996) . Although the biodegradation rate varies among different PCB congeners, the actual shape of peaks for different sorts of PCB through GC-ECD detection was much the same as Aroclor 1242. For this reason, it is appropriate to use mean of estimation in this study to characterize the biodegradation. The value in this simulation was obtained by means of estimation based on research on PCBs degradation in certain medium (Sinkkonen and Paasivirta 2000) .
Adsorption The distribution of PCBs between soil and water is represented by the partition coefficient K d :
where the C s and C e are the concentrations of PCBs in soil and water, respectively. The value of K d was determined from the static distribution experiment.
Risk assessment
The modeling results were used to carry out the risk assessment before remediation and at the same time to explore the environmental impact of leaked PCBs in soil. In order to check up the remediation achievement and give risk appraisal of the remediated site, four random bores at the restored site were drilled, sampled and tested for PCBs concentrations. The same work was carried out to calculate the concentration and distribution of remaining PCBs after remediation, as well as to assess the PCBs transport and biodegradation after certain period of time.
Results and discussion
The spatial distribution of PCBs The concentration of PCBs at different depths of nine bores before remediation is listed in Table 2 . It can be found from the results that soil in Bore 1 contained the highest PCBs concentration, and this was consistent with the fact that Bore 1 was located where the capacitors had been buried. Soils in Bores 2, 3, and 7 were less contaminated than Bore 1, and, however, contained more PCBs than the other five bores. No PCBs was detected in soil sampled from Bores 4 and 5. The maximum concentration of PCBs (1221.12 mg/kg) appeared in Bore 1, 3 m below ground surface, indicating that the most seriously contaminated field was located in Bore 1. The pollution level of PCB in this site indicated that leakage of capacitors oil was not so serious as other contaminated sites (Gibert and Martinez 2009; Vasilyeva et al. 2010) . Five bores were chosen to carry out the study on the two-dimensional transport and transform of PCBs in this area. Figure 3a represented the spatial distribution of PCBs on the two-dimensional profiles. Based on the chemical analysis of samples from bores and interpolation, the amounts of soil with different contamination levels were calculated by means of integration. As shown in Table 3 , the total quantity of PCBs contaminated soil ([0.5 mg/kg) was about 31.28 m 3 . The quantity of soil to be excavated ([1 mg/kg) was about 14.565 m 3 , among which the proportion of '1-50 mg/kg' soil was more than 30 %. Quantity and proportion of soil with PCBs concentration higher than 500 mg/kg, which were regarded as high concentration hazardous PCBs waste [Control Standard on Poly Chlorinated Biphenyls for Waste Slags (GB 13015-91), Ministry of Environment, China 1991] were 2.43 m 3 , 7.76 %, respectively. Quantity and proportion of soil with PCBs concentration in the range of 50 and 500 mg/kg, which were regarded as hazardous PCBs waste, were 3.20 m 3 , 17.99 %, respectively. According to the Canadian Soil Quality Guidelines (2005) for PCBs and the requirement for treatment of PCBcontaminated soil in China, the buried capacitors and the contaminated soil with PCBs concentration higher than 500 mg/kg ought to be transported to the Hazardous Waste Treatment Centre (HWTC) and to be disposed by incineration (Shao 2001) . The contaminated soil with PCBs concentration in the range of 1 and 500 mg/kg was to be disposed by the cheaper thermal desorption. Obviously, the choice of composite treatment technology based on the calculation of amount of soil with different contamination level has cut down the overall expense.
Model calibration
The batch of capacitors was buried in this area about 30 years ago according to the data derived from local power department. Although no accurate data with respect to the initial distribution of contamination were available, it could be assumed that the PCBs contamination 30 years ago might be located in the 0.75 9 2 m rectangle field (Fig. 3b) , where the capacitors were buried, since the theft happened soon after the capacitors' burial.
The initial quantity of PCBs was calculated based on the amount remained in soil at present and on the degradation Assumption was made that all of the PCBs were evenly distributed around the buried capacitors (rectangular field in Fig. 3b ). The tested results of PCBs distribution are plotted in Fig. 3a . Based on the hypothetical value, numerical calibration was carried out by using established model in order to verify the effectiveness of this model on prediction of PCBs transport and degradation in soil, as well as the correctness of parameters. The contour map as shown in Fig. 3b indicated that relatively satisfactory simulation results were obtained. Both the shape and the area of contamination of simulation were consistent with the calculated value except for the maximum contour. The maximum contour (1,200 mg/kg) of measured value covered a larger and more extended area and the calculated one was discontiguous and cracked. This was primarily due to the selected interpolation method which makes a little difference between measured and actual value. A smaller grid size of space as well as adequate data would make the prediction much more accurate. Figure 4 indicated the change of averaged concentration at each node as a function of depth. It was obviously that the PCBs contamination was located between the 2.2 and 3 m below the surface. It can also be found from the results that the curve of simulated value fitted well to the measured value except the maximum value. This may be caused by the inaccurate assessment of the amount of capacitor oil leakage. In addition, probably due to a smaller diffusion coefficient was used, the speed of PCBs transport downward in simulation result was found to be slightly slower than the measured value.
Risk assessment before remediation Figure 5 denoted the PCBs transport and degradation in 100 years before remediation and Fig. 6 depicted the change of averaged concentration at each node as a function of depth. As shown in Fig. 5a , b, the transport of PCBs downward in the first 10 years was negligible. During 30 years the distance of capacitors oil transport downward was less than 30 cm (Figs. 5c, 6 ). Even after 100 years of simulation the cumulative transport distance was no more than 100 cm (Fig. 5f ). The transport speed obtained from this simulation was slower than the experimental results carried out by Zhu and Xia (2003) , who used artificial contaminated soil to study the transport of PCBs in columns. The extremely slow transport speed of PCBs in this study is primarily due to the large value of K d , which determined the distribution of organics between soil and water, and also due to a smaller annual rainfall in the semiarid region of China and the high fraction of fine particulates in soil, which made the water flow very slow. Additionally, compared to the artificial or newly contaminated soil, the organics in aged soil tended to adsorb contaminants more tightly and irreversibly (Li and Chen 2010) . Since there was no difference in matric and gravity potential of soil between this area and the adjacent area, relatively low speed of transverse water flow and no horizontal transport were observed.
Buried deep in the ground, it was hard for the contaminants to evaporate or to be absorbed by roots of shrubs (Kohne et al. 2009; Mirbagheri and Monfared 2009) . Under this condition, PCBs could only be degraded by proper microbe (Kohne et al. 2009 ). It could be seen from the simulation results (Figs. 5, 6 ) that the biodegradation of PCBs oil in soil was very slow. After 50 years more than 2 m 3 soil with concentration higher than 50 mg/kg would remain in soil, as shown in Table 3 . Even after 100 years there was over 30 mg/kg concentration of PCBs remaining in the medium if no treatment was carried out. Nevertheless, Fig. 6 shows that the effect of degradation was more visible than the PCBs movement caused by solute transport. Considering the simulation during the 100 years, the contamination plume expanded during first 30 years and then shrank gradually. Molecular diffusion of PCBs in water caused the amplification of contamination plume while biodegradation affected adversely. Based on the simulation results it can be seen that the main mechanism of PCBs' disappearance around the capacitors burial site was biodegradation. Additionally, molecular diffusion played an important role in the expansion of PCBs contamination plume during the initial stage. Because of the lack of rainfall and the strong adsorption of PCBs onto soil, the transport of PCBs in the soil in semiarid region grows much slower (Hodak Kobasic et al. 2008) . Although the transport speed of PCBs in soil in semiarid region was so slow that hardly any PCBs were able to migrate downward before they were completely biodegraded by microbe, the highly PCB-contaminated soil would stay underground for a long time (no less than 50 years) due to relatively slow biodegradation rate.
Risk appraisal after remediation
PCBs remaining and the pollutants transport in 100 years after remediation are shown in Fig. 7a -c. Figure 7a shows the distribution of remaining PCBs after the excavation for disposal by incineration and thermal desorption.
No PCBs contamination was detected in the excavated field. Although the contaminated soil was not completely removed by excavation because of economic consideration, the PCBs concentration of soil in the study field was reduced below 1 mg/kg and the amounts of soil with PCBs concentration higher than 0.5 mg/kg were decreased by over 90 %( Fig. 7a ; Table 3 ).
The simulation results of PCBs migration after 30 years ( Fig. 7b; Table 3 ) indicated that all of the contaminated soil (maximum 0.319 mg/kg) were restored to comply with the standard for agricultural use (0.5 mg/kg, Ministry of Environment, China 1991). As shown in Table 3 and Fig. 7c , after 50 years the PCBs concentration of over 80 % soil would be reduced to background level (50 lg/kg) (Li 2010) . Based on the analysis of the remaining PCBs contamination and the simulation, the remediation has successfully removed most of the contaminants, which pose great risk to the local ecological environment and human health. Results of simulation indicate that the remaining PCBs in soil would hardly cause any harm in the future due to the relatively low PCBs concentration. Both the concentration of remaining PCBs and the simulation results decades later indicate a successful and effective rehabilitation work.
Conclusion
In this study, PCB-contaminated soil around buried capacitors was sampled through site drilling. Test results showed that soil at depth of 3 m below ground in Bore 1 contained the highest PCBs concentration while no PCBs were detected in Bores 4 and 5. Quantity and proportion of soil with PCBs concentration higher than 500 mg/kg, which were regarded as high concentration hazardous PCBs waste were 2.43 m 3 , 7.76 %, respectively, and of soil with PCBs concentration higher than 50 mg/kg and lower than 500 mg/kg, which were regarded as hazardous PCBs waste, were 3.20 m 3 , 17.99 %, respectively. The excavation-incineration and thermal desorption was chosen to remediate the burial site.
Two-dimensional PCBs transport model was established and simulation was carried out to study the migration of PCBs by using part of test data. The numerical modeling results suggest that the solute transport model could effectively simulate the transport and biodegradation of PCBs in soil. The emphases in simulation were to calibrate the PCBs transport model and assess the environmental impact of removed PCB-containing power capacitor burial site.
Based on the PCB-contaminated soil, numerical simulation was conducted to investigate the transport and disappearance of contaminants. Results of simulation indicate that after 30 years, PCBs plume moved downward for less than 30 cm and that after 100 years PCBs plume moved downward for no more than 100 cm. Molecular diffusion plays an important role in plume expansion in initial time and biodegradation would take opposite effect which leads to gradual shrinking of plume in a period of time. The primary mechanism of PCBs' disappearance is biodegradation, although the t half of PCBs is larger than most of organics. No horizontal movement of pollutants was observed in this simulation. The contrast of simulation results between contaminated site without remediation and that with remediation measures suggests an effective reduction of contamination by excavation-incineration and thermal desorption. More than 90 % of the soil in this field was restored to meet the requirement for agricultural use. In 30 years all of the soil could be agriculturally used and in 50 years the concentration in 80 % of soil were reduced to background level. The conducted numerical simulation of PCBs transport using limited data obtained from actual field indicates a successful, effective rehabilitation work and a feasible alternative for risk appraisal of organics such as PCBs. The procedure could also be applied to other sites restoration to support the choice of appropriate technology and to estimate the remediation results.
